Abstract. We report on patterns of abundance, recruitment, and predation on the blue mussel (Mytilus edulis) in three human-dominated estuaries in the northeastern United States. Through replicate field experiments and observational studies at multiple sites nested within each of the three estuaries, we investigated the relative influences of local and regional scale variation in select bottom-up and top-down factors on blue mussel populations on wave-protected rocky shores. The most striking result was the decoupling between adult abundance and recruitment: mussel recruitment rates were highest in the most northern estuary, Casco Bay, while adult abundances were highest in the most southern estuary, Long Island Sound. We detected evidence of top-down forcing on adult abundance by consumers in the two more southern estuaries, Narragansett Bay and Long Island Sound, but not in Casco Bay. Finally, we observed some indications of bottom-up forcing on mussel abundance and recruitment at the withinestuary scale, but these signals were not consistent among estuaries or across the responses measured (e.g., adult abundances and recruitment rates). Our results support previous work demonstrating the importance of both top-down and bottom-up influences on rocky shore populations, and also highlight how future research-particularly integrating studies of the different ontogenetic stages of mussels-could further advance understanding of biological population dynamics in this and other systems.
INTRODUCTION
Rocky shore communities-shaped by strong environmental gradients and dominated by easily manipulated and often slow moving organisms-have served as important development and testing grounds for ecological theory (Paine 1994, Menge and Branch 2001) . Mussels are one of several organisms that have given significant insights into rocky shore community dynamics worldwide. As filter feeding primary consumers, mussels link benthic and pelagic ecosystems and create habitat for many other species (Suchanek 1981 , Witman et al. 2003 . Investigations into how key life history traits in mussels (such as physiology, growth, survival, and/or reproduction) vary with exogenous factors including temperature (Helmuth and Hof-mann 2001 , Petes et al. 2007 , Lesser et al. 2010 , hypoxia (Altieri and Witman 2006) , food availability (Menge et al. 1997 , Leonard et al. 1998 , and disturbance regimes Levin 1981, Hunt and Scheibling 2001) have contributed substantially to understanding how environmental factors influence organismal and population performance, and community dynamics more broadly. Observations and experiments of predator-prey dynamics involving mussels have also yielded important insights, including understanding of how spatial and temporal variation in predation strength and predator identity can shape benthic community structure and functioning (Paine 1966 , Robles et al. 1995 , Navarrete and Menge 1996 , Menge et al. 2004 , Navarrete and Manzur 2008 , Boudreau and Hamilton 2012 .
Ecological processes may also be shaped by latitudinal clines in environmental conditions and concomitant biogeographic and oceanographic variation. The spatial scale of this heterogeneity need not be extreme. For example, previous studies have shown significant differences in marine communities within the Channel Islands, which span an oceanographic transition zone over the relatively short distance of 100 km (Airamé et al. 2003 , and references therein). Ecological roles and species guilds may be similar between distant communities; however, differences in species composition and relative abundances of key interacting species could lead to differences in the dominant processes that shape community function. That is, the relative importance of predation, recruitment, and interand intraspecific competition may vary across a relatively small spatial scale with changes in species composition. Understanding if and how ecological processes may vary across biogeographic and oceanographic clines is critical for our broader understanding of community functioning in rocky shores, as well as other marine systems. Understanding processes in wave-protected estuarine settings is particularly critical, given the ecosystem's vulnerability to human impacts, rising temperatures, and other environmental stressors due to climate change (Helmuth et al. 2006 , Gedan et al. 2011 , Bernhardt and Leslie 2013 .
This study examined abundance, recruitment, and responses to consumer exclusion across the biogeographic and oceanographic transition zone created by Cape Cod, on the northwestern Atlantic shore, using the blue mussel (Mytilus edulis) as a model organism. We quantified abundance, recruitment, and responses to consumer exclusion at four wave-protected sites nested within each of three estuaries: Casco Bay (Maine), Narragansett Bay (Rhode Island), and Long Island Sound (Connecticut and New York). We also synthesized data from diverse sources on key environmental variables (e.g., water temperature, salinity, chlorophyll-a, and human population density) to explore possible associations between mussel population processes and environmental conditions. This hierarchical experimental design allowed us to study the potential effects of local and regional-scale variation in environmental conditions on mussel population dynamics.
We hypothesized that mussel abundance and recruitment would be greater at the more southerly sites due to warmer temperatures (and thus increased metabolic rates), that mussels would be more abundant at sites with fewer predators, and that bottom-up factors would play a larger role at inner vs. outer bay sites due to increased nutrient loading (and thus greater primary production and food resources for filter feeding invertebrates). Here we report on the results of these investigations, and discuss outstanding research questions related to mussel population dynamics and their role in these wave-protected ecosystems. A complementary investigation of rocky shore community structure and successional dynamics at these sites will be reported separately.
METHODS

Study sites
We selected four sites within each of the three estuaries-Casco Bay (CB), Narragansett Bay (NB), and Long Island Sound (LI)-to quantitatively examine differences in M. edulis recruitment and susceptibility to predation (N ¼ 12 experimental sites), with an additional two sites per estuary to quantify abundance of M. edulis and other rocky shore organisms during intertidal surveys (N ¼ 18 total sites; Fig. 1 , Appendix: Tables A1, A2 ). The sites spanned a total coastal distance of ;640 km, from Maine to New York state. We classified all sites a priori as one of two v www.esajournals.org location types: inner bay or outer bay. Half of the sites in each estuary were within each of the location categories (i.e., n ¼ 2 inner bay and n ¼ 2 outer bay sites per estuary for the recruitment monitoring and consumer exclusion experiment; n ¼ 3 inner bay and n ¼ 3 outer bay sites per estuary for intertidal surveys). Inner bay sites tend to be exposed to higher inputs of land-based nutrient pollution and more variable salinity (Valiela et al. 1992 , National Research Council 2000 , Boesch et al. 2001 , Nixon et al. 2008 , whereas outer bay sites tend to have greater oceanic influence, and consequently lower primary productivity and more stable salinity (e.g., as reported in Bertness et al. 1991) . All sites were characterized by minimal tidal currents and wave action (i.e., they were wave-protected), and dominated by continuous rocky benches. However, Portsmouth in Narragansett Bay experiences relatively strong alongshore tidal currents (in comparison to the other sites we studied) and is comprised of a series of large (.2 m) boulders Fig. 1 . Map of all experimental sites (circles), sites that were used only for surveys (triangles), and environmental monitoring stations (stars and italics). The three regions (north to south) are Casco Bay (CB), Narragansett Bay (NB), and Long Island Sound (LI). Insets for each region show specific site and station locations. Inner bay sites were: in CB: Maine Yacht Club (MYC), Martin Pt., Willard Beach; in NB: Common Fence Pt., Mt. Hope Farm, Portsmouth; in LI: Davenport, Larchmont, Rye Town Beach. Appendix A lists the geographic coordinates of all study sites and environmental monitoring stations.
v www.esajournals.org separated by two to five meters (see Bertness et al. 1991 for more detail).
Primary sessile species at all sites included the acorn barnacle (Semibalanus balanoides), blue mussel (Mytilus edulis), and the long-lived algal species Ascophyllum nodosum and Fucus spp. Algal canopies were particularly prominent at the Casco Bay sites, but occurred throughout the study region. In terms of mobile species, the herbivorous snail Littorina littorea was very common and predatory whelks (Urosalpinx cinerea south of Cape Cod and Nucella lapillus north of Cape Cod) were found in abundance. Gulls (Larus spp.) were observed on occasion. Neither crabs (Carcinus maenus, Hemigrapsus sanguineus, Cancer spp.) nor seastars (Asterias forbesi, A. vulgaris) were often observed, although this could be due to the fact that we sampled the intertidal zone only at low tide, and not subtidally.
Environmental data
Environmental data including air and water temperature, salinity, dissolved oxygen, chlorophyll-a, and nutrients were synthesized from government and non-governmental organizations throughout the study region (Tables 1-4) . Hourly air and water temperature data were downloaded for 2010-2012 from the US National Oceanic and Atmospheric Administration (NOAA; http://tidesandcurrents.noaa.gov/ stations.html), and summer mean minimum and maximum values were calculated for each of the three years. The other environmental variables were synthesized from diverse sources for each estuary at the inner vs. outer bay scale (see Table 2 for references and Appendix: Table  A2 for coordinates). Consequently, the environ- (1) taking the min or max value for each day within the summer (i.e., June, July, August), (2) averaging for each year, for 2010-2012, and (3) calculating the grand mean of the three years. NOAA station data can be found at http://tidesandcurrents.noaa.gov/stations.html. Station names are followed by their numbers in parentheses. v www.esajournals.org mental data vary in temporal resolution, spatial coverage, and sampling intensity (Tables 1-4) . In all cases, data from surface samples ( 1.5 m in depth) were extracted from larger datasets, to enable comparisons within and among the estuaries. Human population density was calculated from the 2010 US Census data (Minnesota Population Center 2011) using ArcGIS 10.1 (Environmental Systems Research Institute, Redlands, California, USA). We identified the closest hydrological unit code (HUC) 12-digit watershed to each study site, and clipped the census block data to that watershed in order to quantify the number of people living within the relevant watershed.
Intertidal surveys
Surveys of rocky shore community structure were conducted in Fall 2010 at 18 sites (n ¼ 6 sites per estuary; see Fig. 1 ). At each site we used a point-intercept method along a 15-20 m transect to quantify sessile species abundance and a belt transect method to quantify mobile species abundance. Transect length varied slightly depending on relief and available space. Each of the two survey methods was performed in both the mid and high intertidal zones. The zones were identified based on biological distributions, i.e., the mid zone spanned the vertical distribution of mussels at the site, and the high zone spanned the middle of the vertical distribution of barnacles.
Along each transect we randomly selected five points, and then recorded the percent cover of all sessile species (e.g., algae, crustose coralline algae, barnacles, and mussels) using a 100-cm 2 quadrat. Percent cover estimates were not significantly different when estimated with a 100-cm 2 vs. 625-cm 2 quadrat (H. M. Leslie et al., unpublished data) ; the former was chosen for logistical reasons, given the small size of many of the barnacles and littorines at these sites. At each point we also conducted a belt transect (1 m long by 50 cm wide) to quantify all mobile organisms (e.g., crabs, littorine snails, and whelks) using a 625-cm 2 quadrat. The mobile organism counts were converted to densities (number per square meter) based on the belt transect area.
Recruitment monitoring
To quantify mussel recruitment rates at the 12 experimental sites, we used standardized plastic Notes: Data sources, sampling frequency, and number of observations for each station are as in Table 2 . Estuary is as in Table 1 and location is as in Table 2 . ppt ¼ parts per thousand (%), DO ¼ dissolved oxygen. Table 4 . Nutrient and chlorophyll a data synthesized for the study region.
Estuary Location
Station name Leonard et al. 1998 ). Each collector (n ¼ 8 per site) was secured with a lag bolt and washer in the mid intertidal zone. The Tuffys were collected and replaced every one to two months from May through August 2010 and again from February through August 2011, so as to bracket the known recruitment window (Petraitis 1991 , Leonard et al. 1998 . Upon collection, each was placed in a sealed plastic bag and then stored at À208C upon return to the lab. To quantify the number of recruits, each collector was thawed, and all organisms were rinsed off completely into a 425-lm sieve, then off the sieve into a clear dish. Mussel recruits were counted visually under a dissecting microscope, after the methods of B. Hayden and B. Menge (Menge et al. 2004 ). The total number of recruits was standardized to the number of days the collector was in the field, and we then calculated an average number of recruits per day for each site.
Consumer exclusion experiment
At each of the 12 experimental sites, we installed eight replicate consumer exclusion experiments (with the exception of Mt. Hope Farm [NB] and Stony Creek [LI] , which only had seven due to space limitations). Each replicate was considered a ''block'' and consisted of three treatments: a control, a cage, and a cage-control (see Appendix: Fig. B1 for a photograph of the set-up). All three treatments were created initially by scraping all sessile species from the substrate and manually removing all mobile species. The plots were 225 cm 2 in size and marked on the corners with lag bolts and one number tag. Cages were 15 cm 3 15 cm square, 5 cm tall, and constructed of one-quarter inch (6.35 cm) stainless steel hardware cloth, which was adequate to exclude the dominant consumers found at these and other northwest Atlantic rocky shore sites, including gulls, ducks, crabs, whelks, and seastars (Menge 1976 , Petraitis 1990 , Ellis et al. 2005 , Boudreau and Hamilton 2012 . This mesh size is slightly larger than that employed by Boudreau and Hamilton (2012) to exclude mussel consumers in New Brunswick; those authors did not observe caging artifacts. Nonetheless, we explicitly tested for such artifacts, as recommended by Miller and Gaylord (2007) . Our cage-controls were identical to the cages, but were open on two sides to allow ambient levels of herbivory and predation. Observation of the cages and cage-controls with the rising and falling tides did not reveal any inhibition of flow.
Both the cages and cage-controls were secured as flush to the substrate as possible using lag bolts and washers. Treatments within a block were located within one-half meter from each other (Appendix: Fig. B1 ), and replicate blocks were located at least one meter apart. This spacing of blocks and treatments reflected the small size of many of our intertidal sites, most of which occupied well less than 0.5 km of shoreline. Blocks were assigned randomly, and placed in such a way so as to account for environmental heterogeneity present at each site.
Treatments at all sites were installed by April 2010, and monitored monthly from May to August 2010 and again in March, May, and August 2011. At each monitoring date the percent cover of all sessile species was estimated for each treatment plot. Very small individuals, such as littorines or whelks that had entered the cages, were manually removed. Cages and cagecontrols were also cleared monthly of debris, diatom growth, or extraneous algal growth that had accumulated in and/or on the cage structures, to avoid possible shading and hydrodynamic effects.
Data analyses
ANOVA and all other tests were conducted in JMP 11.0 (SAS Institute, Cary, North Carolina, USA). We used post-hoc Tukey HSD tests and/or linear contrasts when appropriate to test for differences among estuaries, sites, or groups of sites. Test results were generally considered significant at an alpha level of 0.05, but significance levels were adjusted as appropriate when multiple comparisons were made. When site was included as an independent variable for any test, it was considered a fixed effect because all sites were chosen for specific criteria (i.e., proximity to urban centers, available access, a priori hypotheses about the effect of location type on mussel dynamics). Thus, all potential sites in an estuary were not equally likely to be chosen for the experiment. All other independent variables were considered fixed, except in the analysis for v www.esajournals.org the consumer exclusion experiment, which included a random block effect nested within site and estuary.
To examine differences in M. edulis abundance among the estuaries as quantified in the intertidal surveys, we ran a nested ANOVA on percent cover data with estuary (n ¼ 3) and site nested within estuary (n ¼ 6 per estuary; N ¼ 18 total) as fixed model effects. We used mid-zone data only because this is where M. edulis were primarily found at our sites and visual inspection of the data revealed that mid-zone abundance was driving overall trends. A Tukey HSD test was used to examine specific differences among estuaries and sites, and planned linear contrasts were used to examine differences between inner and outer bay locations.
To examine differences in mussel recruitment, we ran a nested ANOVA comparing peak recruitment rates at each site (total recruits per day), with estuary (n ¼ 3) and site nested within estuary (n ¼ 4 per estuary; N ¼ 12 total) as fixed model effects. A Tukey HSD test was used to examine specific differences among estuaries and sites, and planned linear contrasts were used to examine differences between inner and outer bay locations. June through July is the peak recruitment season for this species (H. M. Leslie et al., unpublished data) and so June to July data were used in the analysis, except for the Seaview and Larchmont sites, where data ranged from June to August due to complications in the field. For this time period, the number of replicates available for Lookout Pt. (CB), MYC (CB), Willard Beach (CB), and Seaview (LI) were seven, five, six, and four, respectively. All other sites used eight replicates for analysis.
To examine differences in predation pressure based on the consumer exclusion experiment, we ran two ANOVAs with mussel percent cover as the response variable. Percent cover data were arcsine-square root transformed in order to better meet test assumptions before we performed the ANOVAs. Most sites had 8 replicate blocks, but we included data from only five replicates for Willard Beach (CB), six replicates for Stony Creek (LI), and seven replicates for Larchmont (LI) due to loss or repeated trouble maintaining particular cages in the field.
We first ran a repeated measures ANOVA (RM-ANOVA) with abundance data from all sampling time points to elucidate any interaction between time and caging treatment (i.e., cage, control, and cage-control treatments). Sites were pooled together (N ¼ 12) with time, treatment, and time 3 treatment as model effects. Once we determined that there was a significant time 3 treatment interaction (see Table 5 ), we used only the terminal time point (August 2011) for the second ANOVA.
The second ANOVA examined among-estuary differences in mussel cover when predation pressure was reduced, as well as differences Notes: The nested terms are read from left to right (e.g., ''site nested within estuary''). The p-values in boldface indicate a significant model effect. MS ¼ mean square value for a given variable in the ANOVA model. MS-Den ¼ mean square value used in the denominator to calculate the F-ratio (corresponds to either the block or residual mean square). df-Den is as in Table 5 . See Methods: Data analyses for more details on F-ratio calculations.
v www.esajournals.org among sites within each estuary and with the caging treatment (Table 6 ). This ANOVA was a nested mixed effects model run with the expected mean squares (EMS) method. The fixed effects in the model were estuary, site (nested within estuary), treatment, estuary 3 treatment, and site 3 treatment (nested within estuary). Block was included as a random effect (nested within site and estuary) to account for heterogeneity between the treatment blocks. The F-ratios for each independent variable in this model were calculated as either MS EFFECT (the mean square for the model effect) divided by MS BLOCK (the mean square for the block effect) or MS EFFECT divided by MS RESIDUAL (the mean square for the residual error). The MS BLOCK term was used in the denominator for estuary and site effect calculations. The F-ratios for the other variables, including the random block effect, were calculated using the MS RESIDUAL . The denominator mean square value used for each F-ratio calculation is given by the ''MS-Den'' term in Table 6 . The denominator degrees-of-freedom used to test the significance of each F-ratio is given by ''df-Den'' in Table 6 ; each df-Den corresponds to the degrees-of-freedom for either the block effect or the residual error.
To more fully examine significant model effects from the second ANOVA, Tukey HSD post-hoc tests were applied to compare treatment effects among the estuaries and sites, and also to investigate differences between the controls and cage-controls at each site. The latter test revealed that there was no significant difference between controls and cage-controls for any site (Appendix : Table C1 ) and so these two treatments were grouped together for successive post-hoc tests. Linear contrasts were also used to examine (1) which sites had significantly more mussel cover in the cage treatment in August 2011, and (2) whether the treatment effect was present in both location types (i.e., inner and outer bay) within an estuary. For question (1), mussel abundance was compared in cages vs. controls for each site (with control and cage-control treatments pooled; N ¼ 12 individual contrasts). For question (2), the presence of an overall caging treatment effect in either location was examined by calculating linear contrasts for inner and outer bay sites separately. That is, all cages for inner bay sites were compared to all controls for inner bay sites; the test was then repeated for outer bay sites. Each location contrast was conducted separately for each estuary (n ¼ 2 contrasts per estuary, N ¼ 6 total contrasts), and control and cage-control treatments were pooled.
RESULTS
Environmental data
As expected, summer air and water temperatures were higher in the southerly estuaries, Narragansett Bay (NB) and Long Island Sound (LI), in comparison to Casco Bay (Table 1) . Mean annual water temperatures were lower in the inner bay than the outer bay stations in Casco Bay and Long Island Sound (Table 2) . In Narragansett Bay, data were not collected throughout the year, which precluded a threeway comparison of annual water temperatures. The three estuaries had comparable ranges and average salinities; however, inner bay stations tended to have lower means and exhibit a wider range of values, as expected (Table 3) . Dissolved oxygen (DO) mean concentrations also were quite similar across the inner and outer bay stations; note however, the lower values in Narragansett Bay relative to the other two estuaries and recall that these data were only from the summer months (Table 3) .
Based on the available chlorophyll-a and nutrient data, the inner bay stations in all three estuaries showed signs of higher nutrient inputs and primary productivity (Table 4 ). In Casco Bay and Long Island Sound the mean concentrations of nitrate þ nitrite (NO 3 À þ NO 2 À ) were higher at the inner bay stations than the outer bay stations. The mean concentration of dissolved inorganic nitrogen (DIN) exhibited a similar trend in Casco Bay. In Narragansett Bay and Long Island, concentrations of chlorophyll a, a standard proxy for primary productivity, were also higher at the inner vs. the outer bay stations (Table 4) .
Intertidal surveys
There was a significant difference in ambient mussel abundance both among estuaries (F 2,72 ¼ 18.41, p , 0.001) and among sites (F 15,72 ¼ 4.41, p , 0.001). Mussel abundances were greater in Long Island Sound than the two estuaries further north (Tukey HSD; Fig. 2A ) and the three inner v www.esajournals.org bay (and most southerly) Long Island sitesLarchmont, Davenport, and Rye Town Beachhad the highest recorded mussel abundances of the 18 sites we surveyed (Tukey HSD; Fig. 2B ). Within Long Island Sound, mussel abundances varied consistently with location within the bay. That is, the three inner bay sites (where we observed higher levels of nutrients and chlorophyll a) had higher abundances of mussels than the three outer bay sites (linear contrast, p , 0.001).
Crab densities were consistently low across the study region. Carcinus maenus (green crab) densities ranged from 0.0-2.67/m 2 across all sites, and the species was only observed at seven of the 18 sites surveyed (H. M. Leslie et al., unpublished data) . Hemigrapsus sanguineus (Asian shore crab) was only found at Martin Point, in Casco Bay (average density of 0.67/m 2 ). Whelks were generally the most abundant predator, especially at the Long Island sites, and were found at 11 of the 18 sites.
Recruitment monitoring
There was a significant difference in the number of mussel recruits both among estuaries (F 2,74 ¼ 81.15, p , 0.001) and among sites (F 9,74 ¼ 16.52, p , 0.001). Mussel recruitment in Casco Bay was markedly higher than either Narragansett Bay or Long Island Sound (Tukey HSD; Fig.  3A) . This trend appears to be driven by Maine Yacht Club (MYC) in Casco Bay, which had greater recruitment than the 11 other sites (Tukey HSD; Fig. 3B ). However, when MYC was excluded from the ANOVA analysis, the difference among the estuaries remained (F 2,70 ¼ 26.07, p , 0.0001).
Within Casco Bay, recruitment rates varied v www.esajournals.org with location within the bay. That is, the two inner bay sites exhibited higher recruitment than the two outer bay sites (linear contrast, p , 0.001). Within Long Island Sound, there was a marginally significant difference in recruitment rates between locations (linear contrast, p ¼ 0.04), with higher recruitment rates at the two inner bay sites.
Consumer exclusion experiment
There was a significant time 3 treatment interaction on mussel abundance (F 12, 416 ¼ 3.92, p , 0.0001; Table 5 ). That is, mussel cover in cages was significantly different overall in comparison to the controls and cage-controls (linear contrast, p , 0.001), and increased steadily over time. There was no difference among the three treatments from May through July 2010, but in August 2010 the cages began to accumulate more mussel cover. By March and August 2011, the cages had considerably more mussels than either of the other two treatments (Fig. 4) . There was no significant difference overall between controls and cage-controls throughout the experiment (linear contrast, p ¼ 0.89; Fig. 4) .
At the end of the consumer exclusion experiment in August 2011, there was a significant difference in mussel abundance among the treatments (F 2, 154 ¼ 60.62, p , 0.001; Table 6 ) and a significant estuary 3 treatment interaction (F 4, 154 ¼ 15.10, p , 0.001; Table 6 ). That is, mussel abundance was greatest in the cage treatment for Narragansett Bay and Long Island Sound (Fig.  5A) . Casco Bay had significantly lower mussel abundance overall than either of the other two estuaries (Tukey HSD; Fig. 5A ).
There was also a significant interaction be- Table 6 ). We observed increased abundances of mussels for the experimentally caged plots, relative to the pooled controls, at all Narragansett Bay and Long Island sites (grand mean of the difference between treatments ¼ 32.9% and 35.6%, respectively) and at one of the four Casco Bay sites (MYC). However, the increase in mussels as of August 2011 was only significant for seven of the 12 sites based on linear contrasts (Fig. 5B) . In Narragansett Bay these sites were Portsmouth (p , 0.001), GSO (p , 0.001), and Gooseneck (p ¼ 0.03), and in Long Island were Stony Creek (p ¼ 0.002), Seaview (p , 0.001), Larchmont (p ¼ 0.03), and Davenport (p , 0.001). The absolute difference in mussel cover (cages À controls) was greatest for Portsmouth (76%) and Seaview (65%). In Narragansett Bay, the absolute difference in mussel cover for GSO and Gooseneck was 38% and 14%, respectively, while in Long Island, Stony Creek, Larchmont, and Davenport had 18%, 27%, and 32% more mussels in cages, respectively. There was no significant difference between controls and cage-controls for any individual site in August 2011 (Tukey HSD; Fig. 5B ; Appendix: Table C1 ).
Comparisons among inner and outer bay sites suggested that location within the estuary also affected the intensity of consumer pressure on mussels, albeit inconsistently. Mussel abundances increased in the caged treatment of the consumer exclusion experiment at both the inner and outer bay sites in Narragansett Bay (p , 0.001) and Long Island (p , 0.001) (see linear contrast 2 in Methods: Data analyses). Yet, the magnitude of the mussel response differed by location type between the two estuaries. In Narragansett Bay, the increase in mussel abundance with caging was greater for the inner bay sites: we observed an absolute difference of 40% more mussels in cages as compared to controls at the inner bay sites, in contrast with 26% more mussels in cages at the outer bay sites. In Long Island Sound, we observed a stronger response at the outer bay sites: there was an absolute difference of 30% more mussels in cages at inner bay sites and 42% more mussels in cages at outer bay sites. These results were likely driven by large increases at Portsmouth (NB, inner bay) and Seaview (LI, outer bay), as these sites had significantly more mussels in cages than all other sites in their respective estuaries ( Fig. 5B ; Appendix: Table C2 ). Abundance in controls was not significantly different between locations for Narragansett Bay or Long Island Sound, and all comparisons for Casco Bay were non-significant.
DISCUSSION
With a combination of experimental and observational studies, we have uncovered some intriguing patterns related to the population dynamics of the blue mussel, Mytilus edulis, on estuarine wave-protected rocky shores of the northeastern US. Here we focus on three patterns in particular: the spatial decoupling of adult and recruit abundances among the estuaries; estuaryscale differences in consumer pressure; and finally, within-estuary variation in these variables.
Spatial decoupling of adult and recruit abundances
Based on intertidal surveys, we observed greater ambient abundances of adult blue mussels in Long Island Sound as compared to Narragansett Bay and Casco Bay. This difference was most pronounced for the three inner bay sites in Long Island Sound, which were also the three most southerly sites of all 18 surveyed. v www.esajournals.org However, mussel recruitment rates exhibited the opposite pattern. That is, Casco Bay had the highest recruitment of M. edulis and low ambient adult percent cover, while Narragansett Bay and Long Island Sound had much lower recruitment rates and much higher ambient mussel cover. We predicted that recruit and adult abundances would vary across the three estuaries, given that the study region encompasses multiple biogeographic and oceanographic regions (with concurrent shifts in temperature, species assemblages, etc.). However, we expected to observe qualitatively consistent responses from the recruits and adults, based on the admittedly simple assumption that these different ontogenetic stages would respond similarly (i.e., in a species-specific manner) to environmental heterogeneity. Instead, we documented an intriguing disconnect between recruitment rates of new mussels and adult abundances (linear regression, p ¼ 0.81). While mussel recruitment varies among years, our data do not seem unduly anomalous; analysis of multiple years of M. edulis recruitment at these sites reveals that the overall pattern among the estuaries has remained the same for the past two to three years (H. M. Leslie et al., unpublished data) .
The decoupling of recruit and adult abundances within a given estuary is not completely unsurprising. Mussels, like many marine species with planktonic larvae, have the potential for long-distance dispersal and correspondingly, fairly open populations (Thorson 1950 , Morgan 2001 . Thus it is likely that many if not most of Fig. 5 . Abundance (percent cover; mean þ SE) of Mytilus edulis as measured in cages (black), controls (white), and cage-controls (gray) in August 2011 for (A) Casco Bay, Narragansett Bay, and Long Island Sound, and (B) their respective sites. Letters in (A) denote significant differences between treatments within an estuary (from Tukey HSD test) and asterisks in (B) denote a significant difference in abundance within cages as compared to the other two treatments (from linear contrasts). In (A), a zero denotes absence from the treatment. In (B), zeroes were omitted for visual clarity; lack of a bar denotes absence from the treatment, not missing data.
v www.esajournals.org the new recruits we sampled in Casco Bay, for example, originated from spawning adults living at geographically distant sites, as has been observed with mussels and a number of other marine invertebrates (Palumbi 2004) . However, at some broader geographic scale (within or beyond Casco Bay), mussel recruit and adult abundances must be connected, as Hughes et al. (2000) showed for corals on the Great Barrier Reef; this indeed is the basis of metapopulation theory and standard stock-recruitment models.
The concept of ontogenetic asymmetry (after Persson and De Roos 2013) provides a framework for these puzzling findings. Persson and De Roos (2013) , building on stage structured ecological theory, show that differences in the energetics of juvenile and adult organisms ultimately can create asymmetry in the population dynamics of juvenile vs. adult individuals of a given species. That is, if rates of biomass accumulation (either as somatic growth or reproduction), mortality, or resource acquisition vary between juveniles and adults, then ontogenetic asymmetry occurs. This asymmetry can result in counterintuitive increases in juvenile biomass, adult biomass, or even total population biomass in response to variation in mortality or other exogenous factors, in contrast to the predictions of unstructured population models. In other words, the apparent variation in predation pressure among estuaries and sites nested within them (Fig. 5 ) and in nearshore ocean conditions (and presumably food for filter-feeding mussels, as suggested by Table 4 ) could perhaps create a strong bottleneck on juvenile individuals and thus reduce numbers of adult mussels, even in the face of high recruitment rates, such as we observed in Casco Bay. Two alternative explanations for the decoupling of adult and recruit numbers-particularly in Casco Bay-are (1) intense predation pressure removed the adult mussels, or (2) adult mussels were the result of a recruitment pulse during a previous year, not captured by our sampling. The first explanation is not consistent with the results of the consumer exclusion experiment, which showed essentially no consumer pressure on mussels at the Casco Bay sites, in contrast with the substantial effects in the more southerly estuaries (Fig. 5) . The second explanation is certainly possible, and is consistent with the high variability in mussel recruitment documented by others (e.g., Le Corre et al. 2013) . However, preliminary analysis of multiple years of mussel recruitment from these sites suggests that the data we presented were typical. Unfortunately we do not have the mussel size frequency and growth rate data needed to properly test this second hypothesis; those would be valuable to collect in the future, along with information on the proportion of primary vs. secondary settlers Scheibling 1998, Le Corre et al. 2013 ).
While we know far too little about mussel population dynamics at these sites to directly test these specific hypotheses, ontogenetic asymmetry provides a conceptual framework to organize what we do know, and highlights gaps that could be productive to address in the future. First, we know that rates of biomass accumulation in mussels decrease with size: smaller mussels gain more mass per unit time than larger individuals (e.g., Sukhotin et al. 2002, Negishi and Kayaba 2010) . Second, differently sized mussels rely on overlapping (if not completely equivalent) resource pools: according to Widdows et al. (1979) , adult mussels are non-selective filter feeders whose gills retain all particles larger than 5 lm. Field collected larval mussels from the western Gulf of St. Lawrence consumed plankton of 15-25 lm in size, with larger larvae preferring larger algal cells (Raby et al. 1997) . Biomass accumulation and diet (along with particle selection, resource acquisition and assimilation) are well studied in blue mussels and other bivalves, given that these species are the target of substantial aquaculture activities globally.
In contrast, the modes and rates of mussel mortality is a much less investigated and arguably more complex topic, as it involves not only different ontogenetic stages of the organism, but also a varied set of predators and other mechanisms of mortality (e.g., disease, heat stress, direct disturbance via trampling and other physical impacts). Mussel mortality rates decrease with increasing body size (Petraitis 1995) , and the causes of mortality differ among larval, juvenile (i.e., recruits), and adult blue mussels. Thus, a three-stage model (differentiating among larval, juvenile, and adult individuals) may be more appropriate to investigate ontogenetic asymmetry in this species, rather than the twostage model, which includes only juveniles and adults.
v www.esajournals.org Larval mortality rates of marine invertebrates are difficult to quantify, but a review by Rumrill (1990) indicated that they can be as high as 100% of the population per day and may be largely due to predation. Juvenile mussel mortality may be caused by direct predation or via indirect species interactions; for example, by algal whiplash or the herbivorous snail Littorina littorea. Whiplash can brush newly settled recruits off the substrate, thereby reducing barnacle recruitment (Menge 1976 , Leonard 1999 , and reducing the surface rugosity required for mussel recruitment. L. littorea can reduce mussel recruitment, even in the absence of whelk predation, by either grazing algae known to enhance mussel recruitment or by 'bulldozing' barnacles, which in turn alters the surface rugosity critical for mussels (Petraitis 1987 , Petraitis 1990 ).
The population and community level consequences of ontogenetic asymmetry are potentially profound, and may include emergent alternate stable states, Allee effects, and facilitation (Persson and De Roos 2013). Placing our empirical results in this broader context highlights what is known about stage specific rates of biomass accumulation, mortality, and resource acquisition in Mytilus edulis and related species, and what gaps could be productively filled in order to generate site-specific estimates of these parameters and perhaps explain both the spatial decoupling of recruit and adult numbers that we documented (Figs. 2-3) , as well as the surprising lack of consumer effects in Casco Bay (Fig. 5) . Quantifying size-specific mortality, and its causes, seems particularly important given the information synthesized above. Moreover, depending on whether development or reproduction is the energetically limiting step, different types of population dynamics-referred to as either development control or reproductive control-can emerge. Development control refers to a class of asymmetric dynamics where the rate of development (e.g., from a juvenile to adult mussel) is the energetically limiting process for the population, rather than the rate of reproduction. This is analogous to what marine ecologists refer to as 'supply side ecology' (e.g., Hughes et al. 2000) , and thus is a reasonable null model for mussel populations given their planktonic and highly dispersive larval phase and tremendous fecundity (Bayne 1976) . Interestingly, empirical evidence suggests that such situations are rare (Persson and De Roos 2013) , and thus marine systems may well be productive testing grounds for ontogenetic asymmetry, particularly for the case of development controlled dynamics.
Estuary scale differences in consumer pressure
We documented that adult abundances of the blue mussel increased with experimental consumer exclusion, particularly in the two southernmost estuaries. This finding suggests that consumers play a strong role overall in structuring mussel populations in Narragansett Bay and Long Island Sound, but not Casco Bay. We expected to see many active predators where we quantified the strongest consumer pressure (i.e., in Long Island Sound), and high abundance of predators where mussel cover was low (i.e., in Casco Bay). Neither of these predictions was borne out in our survey data: predator densities were consistently low across the study region, with the exception of the whelks U. cinerea and N. lapillus. The low numbers of intertidal predators, and the lack of consumer effects in Casco Bay in particular, were not consistent with patterns of consumer abundances or effects observed by others in New England rocky shores, where predators have been found to be more abundant, and predation rates higher, at sites characterized by lower wave exposure or tidal flow (Menge 1976 , Leonard et al. 1998 .
We suspect that many predators present at our sites were not captured by the intertidal surveys. For example, subtidal seastars and crabs such as Cancer borealis that forage at high tide were not captured in the surveys because we were only able to survey at low tide. However, from observation and preliminary field experiments of predation on tethered mussels (H. M. Leslie et al., unpublished data) we know that crabs are a major influence in this system (see also Leonard et al. 1998 . Crabs can also have indirect effects on mussels through direct predation on other mussel consumers, such as whelks. Crab predation on grazers, such as Littorina littorea (Ellis et al. 2007 , Perez et al. 2009 , also has been shown to alter surface rugosity, and thus mussel recruitment, by effecting grazing activity (Petraitis 1990 ). In addition, ducks and gulls can have both direct and indirect effects on mussel v www.esajournals.org populations. For example, gulls prey heavily on crabs in the Gulf of Maine, especially during summer months (Ellis et al. 2005) . By consuming crabs, gulls can have indirect trophic impacts on other invertebrates, including M. edulis as well as N. lapillus and L. littorea (Ellis et al. 2007 ). Moreover, seasonal variation in bird predation on mussels (particularly by eiders) has been found to affect the size distribution of mussels remaining in a community, thereby affecting which consumers are most effective in subsequent mussel predation (Boudreau and Hamilton 2012) . Given the surprising lack of predation effects we documented in Casco Bay, the few predators we were able to observe, and the important role predation and other sources of mortality play in structuring population dynamics (Persson and De Roos 2013) , the identity, roles, and interactions of intertidal predators at these sites warrant further attention.
While the focus of our consumer exclusion experiment was on spatial variation in predation intensity rather than size-specific effects, previous investigations have shown that not only does mussel size or stage influence predation rates, but so does the composition of the predator assemblage (and their relative sizes and foraging strategies). Dominant consumers at northwest Atlantic rocky shore sites include gulls, ducks, crabs, whelks, and seastars (Menge 1976 , Petraitis 1990 , Ellis et al. 2005 , Boudreau and Hamilton 2012 . Here we synthesize what is known about the species-and size-specific effects of these predators on mussel populations. Boudreau and Hamilton (2012) , on mildly to moderately wave-exposed rocky shores in Canada's Bay of Fundy, documented that eider ducks ingested mussels ranging from 2-60 mm in length (i.e., both newly recruited juveniles and adults), whereas crabs tended to forage on 30-42 mm long mussels, and whelks consumed 25-50 mm long mussels, although they preferred individuals closer to 25 mm in length. Hunt and Scheibling (1998) , working on wave-exposed rocky shores in Nova Scotia, found that even one of the smallest size classes (!5 mm shell length) of the whelk N. lapillus could significantly affect mussel cover. In a companion laboratory study, as the size of these post-recruit whelks increased, so too did the mean size of mussels consumed (Hunt and Scheibling 1998) . Also in the laboratory, DeGraaf and Tyrrell (2004) observed that C. maenus ate significantly fewer mussels that were large (15-21 mm shell length) than those that were small (5 mm shell length).
As the cage-controls likely excluded most birds (as shown by Wootton 1993, Boudreau and Hamilton 2012) , but not whelks and the other benthic consumers, they also may be thought of as 'bird exclusions.' If this was the case, the lack of significant differences between the controls and cage-controls throughout the experiment suggest that birds, as a group, exerted little consumer pressure on mussel abundances. Further observational and experimental studies at these sites are needed to verify this finding, as well as to investigate the relative contributions of individual predatory species on mussel populations, and how those effects may vary geographically. By employing a series of cages similar to Boudreau and Hamilton (2012) , and coupling this experiment with more comprehensive intertidal and subtidal surveys, it should be possible to distinguish between species-specific consumer effects of birds, crabs, whelks, and seastars at these sites. Relatedly, addition of another nested set of estuarine sites north of Cape Cod would improve the spatial coverage of the comparativeexperimental study and enable more robust inferences of the regional-scale variation in recruitment, adult abundances, and consumer pressure that we documented.
Within-estuary variation in mussel recruitment, adult abundance, and consumer pressure Finally, we observed that ambient adult abundances, mussel recruitment, and consumer pressure varied on the within-estuary scale. In initiating this study, we specifically selected sites within each estuary so as to examine the possible influence of location (inner vs. outer bay) on mussel population dynamics. We hypothesized that adult abundances, recruitment rates, and consumer pressure would be elevated at inner bay sites, in keeping with previous investigations where enhanced nutrients and primary productivity have been shown to fuel increased biomass and reproduction of primary consumers like mussels and barnacles, and to contribute to more rapid succession and intensified species interactions (e.g., Bertness et al. 1991 , Menge et al. 2003 , Leslie et al. 2005 .
Our findings provided equivocal support for this 'bottom-up' hypothesis. While ambient adult mussel abundances were higher at the inner bay sites than at the outer bay sites in Long Island Sound, this was not the case in the two more northern estuaries (Fig. 2B) . Similarly, the higher mussel recruitment at the inner bay sites in Casco Bay was not matched by the patterns in the other two estuaries (Fig. 3B) . And finally, while consumer pressure was higher at the inner bay sites in Narragansett Bay, we documented the opposite pattern in Long Island Sound: there, our experimental results indicated that consumer pressure was higher at the outer bay sites (Fig.  5B) . Given the extent of coastal development in the two southern estuaries, we suspect that the Narragansett Bay and Long Island Sound sites may experience more consistent and greater land-based nutrient loading (and thus higher primary productivity conditions) through time than the Casco Bay sites. However, currently available environmental data at the scale of our study sites do not enable us to test this hypothesis. We do, however, have a site-level proxy for land-based impacts: human population density. Higher human population densities are known to contribute to greater inputs of landbased nutrient pollution and associated coastal marine changes, including coastal eutrophication and hypoxia (Valiela et al. 1992 , National Research Council 2000 , Boesch et al. 2001 , Nixon et al. 2008 . Inner bay sites tended to be adjacent to areas of higher human population density (Appendix: Fig. D1 ). Again, however, the resolution of the available environmental data is coarser than the human population data, which precludes robust comparisons of these variables at the regional scale.
Conclusions
In summary, M. edulis populations varied in ways consistent with some but not all of the hypotheses presented in this paper. First, we hypothesized that mussel abundance and recruitment would be greater at the more southerly sites due to warmer temperatures and increased metabolic rates, which could result in more rapid transition to the juvenile stage and thus reduced exposure to predation risk in the plankton (Rumrill 1990 ). Instead we documented a strong decoupling between these two variables, such that recruitment rates were highest in the northernmost estuary, Casco Bay, and ambient adult abundances were highest in the southernmost estuary, Long Island Sound. Second, we hypothesized that mussels would be more abundant at sites with fewer predators. Instead, we found very few predators at the 18 sites where we conducted surveys, and the distribution of these predators was not associated with the intensity of consumer effects, as measured experimentally. Nevertheless, we found that consumer effects significantly impacted mussel populations in Narragansett Bay and Long Island Sound. Further study of the identities, feeding modes and size-selectivity, and relative effects of the consumer species responsible would be productive, both to advance system-specific knowledge and to explore the effects of stagestructured population dynamics on population and community processes. Finally, we hypothesized that mussel responses differed between inner and outer bay sites due to increased nutrient loading (and thus greater primary production and food resources for filter feeding invertebrates) at the inner bay sites. While the available environmental data are consistent with the logic of this comparison, the data on mussel recruitment, abundances, and responses to consumer pressure did not suggest strong support for the influence of bottom-up forcing on these estuarine mussel populations.
Overall, our results confirm the roles of both top-down and bottom-up forces in structuring rocky shore populations of Mytilus edulis (e.g., Menge 1992 , Leonard et al. 1998 , Worm et al. 2002 , Vinueza et al. 2006 ). However, a number of puzzles remain, including the spatial decoupling of recruits and adults on a regional scale and the lack of consumer effects in Casco Bay. These findings illustrate the value of further comparative-experimental studies of wave-protected estuarine rocky shores, particularly given these coastal ecosystems' vulnerability to both local and global scale anthropogenic impacts, including those arising from proximity to coastal urban centers. 
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